We have developed a quantitative filtration apparatus to evaluate erythrocyte deformability, using a precision metal filter which we developed. The test material is sucked into the filter through the action of decreasing negative pressure. The device automatically gives a liquid level (height)-time relation and a pressure-flow rate relation, similar to gravity-based filtration. Unlike the gravity-based system, the experimental performance of this system is very good and reproducible.
The deformability of erythrocytes plays a crucial role in the maintenance of physiologic blood flow in the microcirculation. However, there is no strict definition of erythrocyte deformability as a physical quantity. Accordingly, the evaluation of the deformability depends on the measurement techniques used and relative sensitivity of the technique to the various factors comprising deformability. Because the filtration of erythrocytes through microsieves is closely related to the deformation characteristics under the geometric constraints of the physiologic flow system, it is the method most widely used to assess an indistinct quantity called erythrocyte deformability (filterability: whole cell deformability). Therefore, we developed a quantitative filtration method in accordance with the gravity-based vertical-tube method [1] for measuring the filterability, using our own developed highly precise, thin metal filter with narrow pores (nickel mesh) [2] . Briefly, the height (hydrostatic pressure) droptime curve was obtained during the filtration by gravity, using a pressure transducer. The tangent of the height-time curve, drawing points corresponding to different heights (pressure), gives the rate of fall of the meniscus in the vertical-tube. Then, multiplying the fall rate by the cross-sectional area of the tube, the complete set of flow rates and corresponding pressures, i.e., pressure-flow rate relation was calculated [1] [2] [3] . Unlike a nuclepore filter, the geometric accuracy of the nickel mesh filter plays an important role in this filtration method. Vertical and cylindrical pores with no pore coincidence are regularly distributed across the nickel mesh, the pore entrances of which show a round and smooth transition to the pore inside [2] . Also, the nickel mesh filter can be reused at least 100 times with ultrasonic washing. The physiologic significance and clinical use of the nickel mesh filtration method have been of potential importance in cellular and clinical aspects of erythrocyte deformability [2] [3] [4] [5] [6] . However, the experimental performance of gravity-based filtration is often affected by several problems such as settling of cells and a plugging of filter pores due to mixed air bubbles. Thus, we have developed a new filtration apparatus, using decreasing negative pressure as the driving force for filtration.
New filtration system
The filtration system consists of a test unit (a vertical glass tube equipped with a nickel mesh at the bottom end), a negative pressure supply unit, and a measurement control and data analysis unit (Fig. 1 ). The vertical-tube is connected to an air tank or reservoir through electromagnetic valves inside the negative pressure supply unit. An outline of operation of the apparatus follows: The vertical-tube equipped with the nickel mesh is immersed into a sample container filled with a test material. After closing valves 2 and 3 and opening valve 1, a pump evacuates the reservoir until the negative gage pressure reaches around Ϫ200 mmH 2 O. After closing valve 1, by opening valve 2, the test material (e.g. erythrocyte suspension, 5% hematocrit (Hct)) is sucked into the nickel mesh filter through the action of decreasing negative pressure and rises into the vertical-tube, and then the flow stops at equilibrium. These operations are automatically performed by measurement software installed in a personal computer (PC). The device continually performs sampling measurement of the pressure (P) during a filtration as a time (t) series (at a 20 ms interval), performs analog/digital (A/D) conversion, and stores digital data (P-t data) on the PC. After measurement, valve 3 is opened to the atmosphere, and the test material is released from the vertical-tube. The content of the vertical glass tube at equilibrium is about 3 ml when a negative pressure of Ϫ200 mmH 2 O is used. The 8 mm inner diameter of the tube means surface tension contributions to column height are negligible. The sample container is surrounded by an isothermal bath that keeps the contents warm. Pressure of the gas phase was measured with a strain-gage type pressure sensor (Model LM, Tukasa Sokken, Tokyo, Japan) using an amplifier (SPX-G, Tukasa Sokken); the response characteristics were below 1 ms. The A/D conversion was performed using a card-type A/D converter (DAQ Card-1200, National Instruments, TX, USA). Figure 2 shows a dynamic equilibrium during the filtration based on decreasing negative pressure. When a liquid sample moves from the sample container with cross-sectional area B to the vertical-tube with crosssectional area A, the state of gas in the vertical-tube is expressed by the state equation of a gaseous body, with the assumption that the gas may be treated as ideal. In the initial state, the volume, pressure (absolute pressure) and temperature of the vertical-tube are presented as V, P, and T, respectively. When the liquid sample is sucked into the vertical-tube by the pressure differential, initial V, P and T become VЈ, PЈ, and TЈ. Assuming that there is no temperature change, we can write the state equation as follows:
Principle of action of the filtration system
Considering the dynamic equilibrium between a decrease in liquid material of the container and an increase in that of the vertical-tube ( Fig. 2) , we convert the pressure as a liquid level (height: h) and calculate flow rate (Q) as shown below:
T. KOYAMA et al. (4)
Here, it is noteworthy that the differential (⌬h/⌬t) of the height-time (h-t) relation gives the rate of rise of the meniscus in the vertical-tube. Then, by multiplying the rise rate by the cross-sectional area (A) of the vertical-tube, the complete set of flow rates and corresponding pressures, i.e., the pressure-flow rate (P-Q) relation is calculated. Thus, similar to the gravitybased filtration system, the h-t relation and P-Q relation determine the deformability of cells.
Noise removal filter and smoothing process
The measurement software performs the smoothing process using the moving average method on the measurement P-t data. Depending on the test, the moving average time can be set from 0 to 2 s (ordinarily, 0.2 s). Moreover, the software utilizes the variable first-order lag filter, performs a filtering process on the P-t data, and then converts the P-t data to the h-t data. This filter has the combined ability to act as a low pass filter and to smooth the output data curves. The measurement software uses the following equations to perform calculations:
in is the current measurement value, outϪ1 is the pre-vious filter passing value, and out is the value which indicates that the filter is effective for the present measurement value. Filter coefficient K is calculated from the cutoff frequency ( f 0 ) and the sampling frequency (⌬t). Depending on the test, the cutoff frequency can be specified at will (ordinarily, 6 Hz).
Function of approximation of function
The measurement software derives an approximate function from the P-Q relation of the stored data in accord with Taylor's theorem. In this event, the approximate function is expressed with a polynomial of general form shown below using the method of least squares regression.
(10)
The P-Q relation obtained by the device is very complex. Although there are cases for which a high order function is required, if one utilizes a high order, fixed approximate function for all experimental runs, a single suitable function cannot be found. Therefore, the measurement software automatically varies the order, to seek the best approximate function with orders n ranging from 2 to 5.
Main window of measurement software
The main window of the measurement software contains the operation button, numerical display, graph control, as well as the operation status which is shown by clicking on the configuration button (Fig.  3) . The data acquisition software collects test results from the filtration device and stores them on the PC for monitoring and later analysis. While the filtration device determines the liquid level of the test material flowing through the vertical-tube using a pressure gauge, the software acquires the pressure signals as pressure-time (P-t) data through the utilization of the A/D converter. Together with the start of the data acquisition process, the software converts the pressure data into the liquid level (height) of the test material, and displays ongoing height and measurement time (h-t) as a graph. When the test has been completed, the measurement software, after performing noise removal and smoothing, automatically utilizes the h-t data to calculate the quantity of flow per unit of time, and then displays the pressure and flow rate (P-Q) as a graph (Fig. 3) . It is to be noted here that the P-Q relation is similar to that of gravity-based filtration [2, 3] . The original P-t data, converted h-t data, and the coefficients calculated for the P-Q polynomial approximation function of the test are saved in the PC as a numerical text file (ASCII base). Since we can call the stored P-t data by clicking on the Data File Open button, and then by selecting the P-t data, the h-t and P-Q graphs can be shown in the window after the experiments. Measurement is repeated and when the data is measured for the 14th time after measurement, a window to input a new file name will appear.
Data analysis support form (Form-HT.xls, Form-PQ.xls)
The data analysis support form is an option that allows graphical display and representative point sampling of the data acquired during a test to be performed on Microsoft Excel 97/2000. The h-t data file (*.htw) and P-Q data file (*.pqw), which are generated by the measurement software, are used for the input; the h-t data file is used for Form-HT.xls, and the P-Q data file is for Form-PQ.xls. The support form creates a graph and a table of representative values by copying the data file to the data input sheet of the support form. For example, using Form-PQ.xls, a table that samples a representative value for the flow rate at an interval of 5 mmH 2 O pressure and a P-Q graph that presents the data shown in the table are shown in Fig. 4 . The P-Q relation of the erythrocyte suspension shows smooth curves convex to the abscissa, suggesting that the erythrocyte suspension is a non-Newtonian fluid [2] . Chung also concluded cell suspensions exhibit non-Newtonian behavior during flow through pores [7] . The flow rate of the erythrocyte suspension decreases as the Hct value of the suspension increases. In contrast, buffered (pH 7.4) saline presented a straight line passing through the origin, indicating that the saline is a Newtonian fluid [2] . Also, it is to be noted that the pressure-flow rate relationships shown in Fig. 4 are generated by the same data shown in the main window of the measurement software (Fig. 3) .
Specific advantages and conclusion
Because the physical principle of the action of the gravity-based nickel mesh filtration method is simple and clear [1] [2] [3] , the gravity-based method is useful as a standard technique. However, in the performance of the method, great care must be taken to avoid contamination from emboli formed when filling test materials into the vertical tube, installing the nickel mesh filter in the holder, and setting the pressure sensor for the liquid. In the negative pressure-based method, there are no such handling problems; accordingly, the new method is very easy, rapid, and reproducible. In addition, because operations of valves and pump are controlled by the instrument software, measurements are automatically carried out (Figs. 1, 3 ). There have been many methods that sucked test cells into a filter, using constant pressure or constant rate as a driving force. In those methods, test cells were continuously sucked even when the cells are plugged the filter, thereby leading sometimes to cell breakage; such methods are not physiological tests. The driving force used in our new method, i.e., decreasing negative pressure, does not cause such cell rupture, only causing physiologic and/or pathophysiologic cell plugging in the filter, similar to gravity.
Nowadays, the physiologic significance and clinical benefit of nickel mesh filtration is evident [2] [3] [4] [5] [6] . Thus, we believe that our new, highly quantitative and convenient apparatus will contribute to the evaluation of erythrocyte deformability for biorheology and related fields of medical science.
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Fig. 4. Data analysis support form. A:
A table that samples a representative value for the flow rate at an interval of 5 mmH 2 O pressure. B: A P-Q graph that connects the data with a line at an interval of 5 mmH 2 O pressure. 1, buffered saline; 2, erythrocyte suspension of 5% Hct value; 3, erythrocyte suspension of 10% Hct value. A nickel mesh filter with 4.99 m pores was used in this study. The erythrocyte suspension is prepared by conventional methods.
